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Diffuse Neutron Sciittering Signwures of Rough Films

Roger Pynn

Manuel Lujan Jr. Neutron Scattering Center
Los Alamos National Labomtory, Los Alamos, NM 87545

ABSTRA~

Putterns of diffuse neutron w mrering from thin films are calculated from iI
perturbation expimsion based on the distorted-wtive Born approximmion. Diffuse fringes
can be categorised into three types: those that occur itt constant values of the incident or
scattered neutron wavevectors, and those for which the neuwon wavevector transfer
perpendicular to the film is constant. The variation of intensity along thtse fringes can &
used to deduce the spectrum of surface roughness for the film and the degree of correlation
between [he film’s rough surfaces.

1, INTRODUCTION

In a recent paper [ 1], I derived a series of expressions thitt describe the way in
which neutrons, incident at grazing angles cmthe upper surface of a planar thin film, are
diffusely scattered by roughness of the film’s surfaces. Unfortunately, these expressions
involve the sum of many terms and do not lend themselves readily to an intuitive
understanding of the puttems of diffuse scattering that may be obtained with a rough tllm.
‘l’he purpose of this paper is to present examples of the signittures of different tispectsof
surfiice roughness, M recorded by neutron (or x-rity) scattering.

Elements in it pitttem of diffuse neutron scattering obtained with it rough thin film
may have t:-ree possible physicitl origins. The simplest 1shun call the Newton effect
because it is the anidogue of it phenomenon first reported by Sir Isaac Newton [21 for light.
When it film is illuminitted, irregularities of the upper (illuminated surftice scuttcr part of
the incident rudiation which is then reflected by the filrtdsubstrate interfitce, The same
irregularities also sctitterridiation that triiverses the upper surftwe on its wity out of the
film, hitving &en reflected from the filrdsubstrute interfiice. Rudimion thitt has followed
these two paths produces tin interference pitttern of fringes whmsespacing is determined by
the film thickness. It is its if there were two rudiitfing sources thtit interfered--the rough
surfwe and its inutg: in the filrrdsubstrite intcrfuce, The observed fringes ore a result of
the fiiu thiit the wave field itt the rough film surfuce is the sum of incident itnd reflecteu
waves, wtmse ph~~es ure rclutedby the film thickness. The loci of the interference fringes
MC determined by the perpendicular components of the wuvevectors of the incldcnt (k I~,)
itnd ~!iitted (k~z.)neutrons, not by u combirwticm of these wuvevccmrs.

The second SOllrCeof diffuse scutlering ilks from ridiiuim thitt pct]~trilt~s the 111111
iit}d is sctittcrul by + rough lower surfwe. This source of scitttering gives rise to onc (N’



The third source of diffuse scattering arises when there is some degree of
correlation between the two rough surfwxs of the tllrn. In [his cose, each fringe of diffuse
scattering occurs ut a constant value of the wavevector mdnsfer, qz ( = k Iz + k~z),
perpenciicul~ m the film’s surfaces. The fringes arise bectiuse of the pl)use diffmmcc
between waves sctittered by the two rough surfa~ws;the distortion of the incident wiivus
tiom their original plane-wave foml by the film is a secondary effect in Lhisctise.

2, EXPRESS1ON FOR TIIE DIFFUSE SCATTERING

Ile expressions derived in [ 1] for [he Vitious contributions to the diffuse sum[tring
cross section. (dc/dQ), per unit area of ii [bin, rough film are reproduced below to fi~cili[mc
the discussion of this paper. Eqn ( 1) it: the Newton term, cqn (2) descritws sc:ittering from
the lower film surfilce, and eqn (3) arises from um-relations betwem roughness of [he two
surf~ces of the film.

(1)

(2)

(J)

where



F1 = I +lRF(kl,]zlRF(k~,]z (5J)

Fz = 2 Re ( RF(kl,) RF(k2J) (5b)

F3 = lRr(kl,]~ + lRF(kz,]2 (SC)

F4 = 2 Re ( R;(kl ,) RF(k~,j) (Sal)

[ (k,,)+ Rdb,)l%(lm)?}F5=2Rc R; (se)

Fh = 2 Re ( R;(k I,) + R~(kl,jlR~(kz,]2} (St)

Cl = TF(kl/) TF(kZ,) (6a)

G2 = TF(klJ TF(kzJ R;(kl,) R;(k2,) (6b)

G3 = TF(k[,j TF(kzJ R;(k2J (&)

G4 = TF(kl ,) TF(kZ7) R;(k, ,) (6d)

In lhese equutions. R~(k) is the retlcctance of un idetil (smooth) tilm evalu~:cd for ncumms
whose wavevecmr perpendiculiir to the tllm is k, ~1iInd ~Sore the neutron scatterhg length
densities of the film d its subswiue respectively, p = (x,y) ctesigntitm lhc posi[mn of ii
point on [he surfticc of the film, ~(p) is the height of the upper tilm ~urfii~~ with respect 10
the averilge height of this surfuce, und q(p) is the heighl of the Iowcr surt”ticcwith respect
to its mean pition. The stimdiud (.icvitilicmsof the heights of the upper und lower
surftices are 0 I and az.

To evidutitc the first two contributims m tht diffuse scimering, it is convenient [o
usc iI height-height m-rcltition function thi~[is iI nmdifled form of [hut which iippli~s [Uii
self-ilft’ine surfucc. “Ibis iippfl)xhllilti[.)n wiIs introduced by Sinhu cl id 131:

“I%e} Iurst cxpottent, h, [iikcs vidues Mwcen zero und one, with muny nmurul ph~n~)!?)ct]i~
fidling in the rilIlgC().6 10 (),7. ‘I?lc LUTCliltiOIl rungc, {is intnxluccd 10 prcvcnl thC

divcrgcncc td’ C(p) 111:11occurs for il [rue SCl!-ilffillC surfiice. In Illc u:lluul:ilions prcscnlcd
tl~~, I t]iiv~ liik~n :1V:IIUC 01 I(),(NM) A for ~,



3. EX,\MP1.l;S OF DIFFIISE SCAl”rERING PA-ITERNS

In ~mier m provide son-windicu[ion of ~hecomplexity of diffuc s~.;utcringp:lttcms
[hilt can Iw ob[iiined with rough films, I have calculated [he various con[ribu[ions [or ;I
(fictitious) system with scwtering Ieng[h densities of ~f = 4 x 10-~ A-z and
~s= H x 10-6tf-z,chosen so that the contras[ between air and film is the same us thw
between [he film imd its substriite. To display the diffuse smrterin~, I usc grcy-sc;de plo[s,
wi[h [he dyntimic range clmcn [o enhance the effects of inkxest. [n most ciIses. [he di(lusc
sumtcring is mtippud in iI CiLrt~si~nsp:~cespanned by qz tind llX, the components O( ncu[ron
wavevwxor triisfcr thiit are perpendicular w-d pumllcl m the tllm surface timl wi[hin [hc
scil[tcring pliln~. For id] uulcul;~tions1huvc USIAil self-itltine SUtfWWwi[h :1}{urs[ UXpL)IICIII,

h, of ().5 i~lldu tllm Lhickncssof 4(M) ~. I consider dle various contributions [o [!lc dit’lust
sc:lucti.ng in order--the Newton tcnn, the contribution from the rough lower surfucc or [Iw
tllm, ml fhudly correlation between me two rough SUI-!’WXSof the film.

3.1 !Wwmn’s Fringes

For small values of the surfuce roughness, the exponentiid term in CL]II ( I ) may be
expanded to tlrst order in <<(p) {(0)> imd [he Fn defined by eqns (5) con then be
combined to yield an approximate expression for the Newton [em~:
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qz (1/A)

Figure 1:Comparisonof ~c di[fu.sc intcnsil’ rmdic[cd by cqns (I) and (9) for a 400 A tiick film

wirh Pf = z x 1()+ A-2,PS=o \1()-~A-2,u = 10A,qx= O.(MN)IA-1

Except for films with rough upper surfiiccs and smooth lower Surt-mxs,the fainl
Newton’s fringes will pmbilbly be difficult to observe. 1[will probably be etisicr [o dc[cu[
lhesc fringes in rother perfect periodic multi loyer systems with rough tir/tilm intcrfwws. In
tiis ctise, the reflectance is enhunccd iI[ qutisi-13riiggwavevectors tind onc would expect
strong dif;use fringes w ~miltltitcfrom [hc Briq,jg petiks, ‘11-refringrs, which iitis~from the
RF wms in eqns (5) (principally eqns (Se) und (Sf)l. should follow loci of consltint k II. m
corm[un[kzz bcrxuse it is ulong these mqkctories thu[ Ihe ~fl~~[iin~~s iue consumt. Sui[ilhl~
t:mltiltiycrs ctin be prepared, for cximlplc, by imneiding certain block copolymer films
whew overii]l Ihickness is not o rnultiplc of the periodicity generated during mboph:lsc

sepurution [41, ‘1’hesctilms form good periodic rnul[ilaycrs with islands of polymer tit the
ilir/mul[iltiycr ic[erfiicc. Indeed, [he observation of New[on’s fringes, wi~h their
chmctcristic constant-k I~ or corlstiir~t-k~z.loci, may provide an ~i~synw[hod for
dctumining the presence imd siws of such surface islunds. It is worth rmting thiit
Ncwhm’s fringes urc in regist~ iIt qx =() with ~hepinks of the specultir scut[ering,
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1[ is pcrhtips worth pointing out thut the viducs of L~ proh,l by diffuse ncumm
sc.:mcringfrom i~SUrfiiC~ iir~ VCrysmidl ---Iws thiin ().()()1 1 ‘1 in {1lYpiCid grilz,ing incidcnuu
cxpximcnf. This mtwns that the corresponding minimum length sctilc within u surliIuc to
which neuuons iue sensitive is close to a nlicron, ‘lIis is the only exiimpk 1know of in

which thermal neutrons nvmurc, by diffrilclion, struchuts th;~tC:U1be illlil@ it) rwd ~l)i~~.~
by op~iuid techniques.

3,2 The Kffcct of the Fi Inti!$ubstrtite In[crfw.c



1[ if wor[h noting [hat scattering from roughness of tie lower tllm surfuce does not
comribute to Newton’s fringes bucause bmh TF(klZ) and Ttik~.) tend to unity for kqe
values of [heir arguments-there are no perceptible oscillations.

3.3 The Effect of Corrulutions between Film Surfaces

The I’inal contribution to the diffuse scattering arises from correimion be[wcen Ihe
heights of the film’s IWO rough surfwws. Wncn the roughness of the two surfaces is small
(qzc cc 1), the cxpone[~tiid terms in eyn (3) m:ly be expimded [o yield:

x Re

Because of the elv factor in eqn ( lo), this conmibution to the diffuse scimering displitys
oscillations whose period is inversely proportioned to the film thickness, t. The resulting
fringes occur itt rcgululy spticedvalues of y which, except close to the critical edge,
implies that the fringes are uniformly separiited in qz, This is shown in Figure 5.
Although the diffuse fringes in this Figure coincide with peaks in the spwuhtr reflcctivi[y
for liug~ vitlues of qz,,registty is not perfect close to the criticid edge. In this way, fringes
due to correkued roughness differ from Newton’s fringes,

The complete diffuse scit[tering pilt[ern is ob[iiined by i~ddingthe contributions ~rtml
Figures 2, 4, i~nd5, The result is shown in Figure 6. For the ~ilse considered here, [he
fringes due to correlated roughnesscompletely overwhelm the Newton’s fringes, which :\rc
no longer visible in the composite piittem, This is likely [o b true in generiil for [bin
homogeneous films. For periodic multiluycrs, there is no rcuson why both types O! fringu
should not h eyutilly visible heciIuse the film re!lcutwwc, RF, -which governs the visibility
O! Ncwtoll’s fringes-- .~iil~bC large il[ i.lriigg positions.

4. IMPERFEC;I” (XJRR1ll.A’I”IONS 131YI’WEIIN ROUGII I;ll.M SURf;A(’l!S

Ibr thin fiinls of liquids on rough surfticcs, iInd indec(.ffor other types of lilm,
Viirit)lls pllysi~id [n~~hitnisn~stend I() CiIUSCthe upper lllm SUrfiICC to conf(mn to [tic
suhstrit~esllrfii~~ for long wuvclcngth height fluctuwions itnd to be smoother thtin the
suhs[riuc ill shtmcr witvclcl]gths. Robbins CI ill 14I hilve shown th:tt for liquid fIIIlls OIIC

IIlily wrik:



(11)

where ~S(q) and ~~(q) are the Fourier components of the height fluctuations of the
substmte and liquid surfaces res~.ctively. The healir!: length, ~, represents [he smoothing
effect that surfiice tension has on the tllm/air interfkti and K(q), which decreases its q
increases from d value of unity at q = (), reflects the non-local interaction between [he film’s
sucfaces. The qll vectors in eqn (11) are measured in the plane of the tllm. Using eqn ( 1I),
the correlation function for the heights of the liquid and substrate sutiaces can be written in
the form:

For cases in which the opproximmion of eqn ( 10) is adequate (smull amplitude roughness),
[he above expression allows iI straightforward assessmentof finite correlation on [he
diffuse :cattering. Scattering from the substrate surfiice in the ubsence of the film is

i
2

described by ~s(qll , a function which has the form of a Voigt function for a self affine
surface ~1]. When a film is itdded, the diffuse scattering, measured along one of [he
fringes, will have u shape given by the right hand side of eqn (12). The profile will be
more heavily damped than that of the substrate as qII increases. In a local (Deryagin)
approximation in which K(q) = i, this additional damping is described by the healing
length, & whit’1 can thus be extmcted from the data.

Data wmlysis for surfaces with large amplitude roughness is more complex,
IMMu.se the comelation function of eqn (12) appears as the argument of an exponential in
eqn (3). Nevertheless, it should still be possible to extract the healing lenglh, especiillly

since data from successive diffuse fringes can be combined (to increase statist id ~~~uril~y )
once the trivial fiictors (TF and RF) have been removed using eqn (3).
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